Abstract: Using marker-based C-arm pose estimation during bronchoscopy in combination with a preoperative CT segmentation of the bronchial tree, the 3D spatial position of the bronchoscope tip inside the airways can be determined. Naturally, the markers used for pose estimation appear on the fluoroscopy images, which can be disturbing for the physician's view. To address this issue, we deploy inpainting to remove the reprojected markers from the fluoroscopy. The method was applied to phantom and cadaver images acquired from almost 50 different C-arm poses in total. Pose estimation was successful in 95.7% of the test cases. Employing our inpainting method to these cases resulted in thourough removal of all markers in the fluoroscopy thereby ostensibly preserving anatomy structures.
Introduction
Intraoperative C-arm fluoroscopy is used for better orientation and easier instrument guidance inside the airways during bronchoscopy. However, 2D C-arm images lack spatial depth information, which is essential for fast and precise navigation to the target site. We presented a system for bronchoscopic navigation in [1] without attaching an EM tracker to the tip of the bronchoscope. Hence, our system is easy to install in any operating room and independent of the bronchoscope manufacturer. We obtain the position and orientation (pose) of the C-arm during image acquisition by marker-based C-arm pose estimation. Knowing this pose, a virtual ray from Carm source to bronchoscope tip on the intraoperative fluoroscopy through the preoperative CT can be calculated. The area where this ray intersects the previously segmented bronchial tree indicates the endobronchial 3D position of the bronchoscope tip inside the CT volume (see Fig. 1 ). Furthermore, the C-arm pose can be used to enhance the fluoroscopy image with an accurately overlayed artificial Xray (DRR) of the bronchial tree (see Fig. 1 ). Thus, offering the physician a 2D and 3D view of his instrument's position inside the bronchial tree, guidance of the bronchoscope is effectively assisted. However, marker-based C-arm pose estimation has a downside: The markers appearing on the fluoroscopy disturb the physician's view. Although intraoperative fluoroscopy is not used for diagnosis and therefore, potential overlapping of anatomical structures is not harmful, removing the mark- ers from the image is very important for clinical acceptance. In this paper, we address this issue by introducing an inpainting method for marker removal from the fluoroscopy without completely removing subjacent anatomy.
Methods
Marker-based C-arm pose estimation: For calculating the transformation between C-arm and operation table a specifically designed planar acrylic marker plate of 100 cm × 51 cm size is fixated on the table. Even though similar constructs for different applications already exist, e.g. [2] , only our method is suitable for bronchoscopy because it covers an almost table-sized field of view. Inside the acrylic plate steel spheres with a diameter of 3 mm as well as sticks with a thickness of 1.6 mm and length between 6 mm and 12 mm are inserted in a well-defined pattern. Because of their simple and uniform shape, these markers are well visible and automatically detectable on fluoroscopy even in the presence of overlaying anatomy.
The most important and difficult task is the correct mapping of the spheres from 3D world to 2D image coordinate system, i.e. the 2D circles projected on the fluoroscopy should always deliver their source position on the marker pattern in 3D space. For this purpose, our method uses the projective invariant cross ratio on collinear points and concurrent lines. This mapping is used for pose estimation, which is calculated for every single intraoperative fluoroscopy image. Details and evaluation can be found in [3] .
Marker removal: Inpainting is the process of image modification in a way that is non-detectable for an observer who does not know the original image [4] . Applications include film/image restauration and object removal (e.g. text from a photograph). It consists of two steps: i) the identification of the objects subject to being removed and ii) replacing the content in the identified areas. The objects to be removed are identified by backprojecting the pattern onto the fluoroscopy image using the transformation given by the C-arm pose estimation described in the previous section. Assuming a sufficiently accurate transformation, this approach ensures that not only detected markers will be removed but also undetected or missegmented ones. To compensate for inaccuracies of the C-arm pose estimation and for the partial volume effect at the marker boundary, the pattern is slightly dilated resulting in a marker region Ω i for each marker i. Each marker is treated separately. Since the markers are small compared to the whole image and a typical fluoroscopy image is rather smooth, we presume that it is sufficient to replace the image content by interpolating between the gray values at the marker boundary ∂Ω i instead of deploying more sophisticated methods attempting to reproduce the surrounding texture. Furthermore, this will ensure that no potentially misleading structures will be created by the inpainting process and a faster runtime can be attained. To achieve the desired smoothness within the marker region Ω i , the Laplace partial differential equation (PDE) ∆Φ( x) = 0| x ∈ Ω i is solved within Ω i , where ∆ is the Laplace operator and Φ( x) is the gray value field. The gray values of the original image I( x) are incorporated by Dirichlet boundary conditions: Φ( x) = I( x)| x ∈ ∂Ω i . The PDE is approximated using finite differences for each pixel inside the marker and a solution is found by solving the corresponding linear equation system. Since each marker is treated separately, parallelism is exploited.
Results
To evaluate the method, we estimated 14 different C-arm poses with anatomy phantoms and 33 with a turkey cadaver on the patient table. Then we applied the inpainting method described in the previous section to remove the markers from the fluoroscopy images. The pose estimation was successful in 35 test cases. Hence, a success rate of 95.7% is achieved. For those successful cases, the average 2D error of the marker centroids is 1.37 px on 1024 × 1024 px images. After marker removal, the images were visually inspected. For a vast majority of the markers, the observer was hardly able to tell where they used to be. Fig. 2 shows an example for each of the two different image types. Only markers in high contrast image areas, e.g. regions with text overlaying the image, can be easily identified after removal because those areas are locally blurred. Of course this also applies to instruments visible in the fluoroscopic image such as a bronchoscope. We are convinced, however, that those rare artifacts do not distract the physician's view. On average, the C-Arm pose estimation takes 3.3 sec and the subsequent marker removal takes 0.3 sec on a Intel Core i7 2.93 GHz machine.
Discussion
We employed inpainting on intraoperative fluoroscopy for removal of markers used for C-arm pose estimation during bronchoscopic navigation. Evaluation on phantom and cadaver data returned in compelling results, i.e. removal of all visible markers and at the first glance preserving subjacent anatomical structures. As intraoperative fluoroscopy is not used for diagnosis, minor artifacts occuring in high contrast areas and 'only' interpolating image content is admissible. Hence, we argue that our method is suitable for clinical use during C-arm pose estimation for navigated bronchoscopy.
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